The Mechanical Properties of Fibrin Fibers  by Guthold, Martin
Sunday, February 3, 2012 165aMolecular Mechanics and Force Spectroscopy
842-Pos Board B611
Single-Molecule Assessment of DNA Supercoiling and Relaxation by
S. Typhimurium and E. Coli DNA Gyrases
Mo´nica Ferna´ndez-Sierra, Chandler H. Fountain, Laura Finzi,
David D. Dunlap.
Emory University, Atlanta, GA, USA.
Type II topoisomerases maintain DNA topology by regulating the level of
supercoiling of chromosomes. DNA gyrase is a unique and highly conserved
bacterial Type II topoisomerase which is able to introduce negative supercoils
into the genome. Using magnetic-tweezers, we assessed the supercoil genera-
tion and relaxation activities of Escherichia coli and Salmonella typhimurium
DNA gyrases. Our results indicate that under single-enzyme conditions and
0.6-pN tension, both enzymes relax DNA at similar rates, but Salmonella gyr-
ase pauses more often. At high enzyme concentration and lower tensions,
Salmonella gyrase introduced negative supercoils faster and to a larger extent
than E. coli gyrase. Sequence and structure analyses show that most of the dif-
ferences between the two enzymes are in
the C-terminal domain, involved in DNA
wrapping. Our ongoing single-molecule
experiments to assess the DNA wrapping
activities of both enzymes may reveal dif-
ferences in their mechanistic properties.843-Pos Board B612
Kinetics of DNA Overstretching: Melting vs B-To-S Transition
Ioulia Rouzina1, Micah Mccauley2, Mark C. Wiliams2.
1University of Minnesota, Minneapolis, MN, USA, 2Northeastern University,
Boston, MA, USA.
Single B-form DNA molecules undergo a cooperative overstretching transition
at force Fov to a ~1.7-fold longer form when stretched. The nature of over-
stretched DNA has been debated for over 10 years. Either peeled (PL DNA),
internally melted (M DNA), or unwound double-helical (S DNA) forms of
overstretched DNA have been suggested. Here we characterize the kinetics
of the overstretching transition in polymeric torsionally unconstrained double
stranded (ds) DNA molecules. We pull ~50 Kbp lDNA molecules using op-
tical tweezers with rates n ~10 nm/s to 5.104 nm/s, (net over-stretching time
between 0.2 and 10^3 s). We show that the rate dependence of Fov(n,
[Naþ]), measured over a broad range of solution ionic strength [Naþ] =5-
250 mM suggests the existence of all three forms of the overstretched DNA.
Thus, at [Naþ]> 50 mM and n>>1s), internal melting dominates l-DNA over-
stretching. This B to M transition is highly cooperative (involves ~100 bp), and
slow (has an on/off time ~1000s at the transition midpoint force). Faster pulling
on a time scale%1 s leads to B DNA overstretching into S DNA. The B to S
transition is much less cooperative (involves ~10 bp) and much faster (on/off
time ~1s at the transition midpoint) than the B to M transition. In contrast, in
lower salt ([Naþ]<50mM) the overstretching transition observed on a longer
time scale (>>1s) leads to DNA peeling. However, on the faster time scale
of 0.2-1 s, even in low salt, the DNA overstretches into S DNA, as peeling be-
comes kinetically prohibited. Our conclusions are supported by several inde-
pendent lines of evidence, including the salt and rate dependence of both the
slope of the overstretched DNA force-extension curve and the value of the sec-
ond transition force (from M or PL DNA into S DNA).
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Niklas Bosaeus1, Afaf H. El-Sagheer2, Tom Brown2, Steven B. Smith3,
Bjo¨rn A˚kerman1, Carlos Bustamante3, Bengt Norde´n1.
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Mixed-sequence DNA molecules undergo mechanical overstretching by ap-
proximately 70% at 60-70 pN. Since its initial discovery, a debate has arisen
as to whether the molecule adopts a new longer base-paired form or simply de-
natures under the applied tension. Here, we resolve this controversy by using
optical tweezers to extend small 60-64 bp single DNA duplex molecules whose
base content can be designed at will. The potential occurence of strand separa-
tion is investigated by using site specific inter-strand linkers and by exposing
the oligonucleotides to glyoxal during stretching. Our results show that when
AT content is high (70%), a force-induced denaturation of the DNA helix en-
sues at 62 pN that is accompanied by an extension of the molecule of approx-
imately 70%. By contrast, GC-rich sequences (60% GC) are found to undergo
a reversible overstretching transition into a distinct form that is characterizedby a 51% extension and that remains base-paired. For the first time, results
proving the existence of a stretched base-paired form of DNA can be presented.
The extension observed in the reversible transition coincides with that pro-
duced on DNA by binding of bacterial RecA and human Rad51, pointing to
its possible relevance in homologous recombination.
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It has long been known that the commonly used fluorescent dye YOYO-1
(YOYO) stains DNA unevenly at sub-stoichiometric concentrations, and that
equilibration is slow. We use this uneven staining to increase the resolution
in measurements on how YOYO affects the properties of DNA confined in
nanofluidic channels. The emission intensity from each DNA-YOYO complex
correlates directly with the amount of YOYO bound. We can thus, in one single
experiment, study DNA-YOYOmolecules ranging from fully saturated to mol-
ecules with a low degree of YOYO bound. Interestingly we find that the exten-
sion of the DNA does not increase linearly with increasing amount of YOYO
bound. Our data instead suggests that there are two different phases with differ-
ent behavior. We explain this as being due to a transition from a region where
intramolecular electrostatics dominates to where also the charges on the chan-
nel walls become important.
Our observations are of importance not only for YOYO but are general for cat-
ionic ligands that bind to DNA by intercalation and the nanochannels are excel-
lently suited for probing such subtle changes in the physics of the DNA-ligand
complex.
Finally we show how a mix of YOYO and netropsin, a DNA-binding molecule
with extreme selectivity for AT-DNA, can be used to map DNA sequences.
When adding the two molecules to DNA simultaneously and stretching it in
the nanochannel we obtain an emission intensity variation along the DNA
that corresponds to the underlying AT/GC ratio. The intensity variation corre-
lates well with the known sequence and we believe that such maps can be useful
for example for fast identification of bacterial infections from extremely small
sample volumes.
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Krishna Neupane1, Hao Yu1, Dustin Ritchie1, Amar Nath Gupta1, Xia Liu1,
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The transition path time for a folding reaction describes the time spent during
the structural transition itself. In terms of the standard picture of folding as
diffusion over a configurational free-energy landscape, it is the time required
to cross over the barrier. Transition times are very brief and hence challeng-
ing to measure directly, but they may also be found indirectly from the shape
of the landscape. We investigated the transition time for various nucleic acids
and proteins by reconstructing the folding energy landscape profiles from
high-resolution single-molecule force spectroscopy measurements using
optical tweezers. Studying DNA hairpins, we first showed that landscapes
reconstructed from the inverse Boltzmann transform of the extension proba-
bility distribution could be used to determine the diffusion constant for bar-
rier crossing, D, via Kramers theory and the observed folding rates, before
finding the transition time, ttp. We next showed that the same results could
be found from a landscape parameterization obtained by fitting the distribu-
tion of unfolding forces, and applied this method to estimate ttp for several
RNA pseudoknots and a riboswitch aptamer. Finally, we estimated ttp in
the protein PrP both from the energy landscape reconstructed by the
Hummer-Szabo formalism and from the landscape parameterization
using unfolding force distributions. All the molecules had ttp on the order
of 1-10 ms.
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The Mechanical Properties of Fibrin Fibers
Martin Guthold.
Wake Forest University, Winston-Salem, NC, USA.
In normal hemostasis, blood clots form to prevent the loss of blood. Blood clots
also play a central role in many diseases, such as heart attacks, strokes and emb-
olisms. In both normal hemostasis and disease, blood clots block the flow of
blood, which is essentially a mechanical task.
166a Sunday, February 3, 2012The major structural component of a blood clot is a mesh of fibrin fibers, and
the mechanical properties of these fibers determine the mechanical behavior
of blood clots.
Using an atomic force microscopy (AFM)/optical microscopy technique we de-
termined key mechanical properties of fibrin fibers. We found that fibrin fibers
are among the most extensible and elastic protein fibers in nature; they can be
strained 150% before breaking and 50% before incurring permanent deforma-
tions. They have an elastic modulus of about 4 MPa and a total modulus (elastic
and viscous) of 8 MPa. They show strain hardening behavior, as they stiffen by
a factor of 2 at 100% strain. These and other data suggest a molecular model of
fibrin fibers in which the mostly unstructured alpha C-region plays a major role
in connecting fibrin monomers and protofibrils.
We also found interesting correlations between the mechanical properties of fi-
brin fibers and exercise and various diseases.
A bout of acute, strenuous exercise decreases fibrin fiber extensibility.
Fibrin fibers from old individuals with cardiovascular disease are more stretch-
able, more elastic and stiffer than those from healthy people.
Diabetes does not have a significant effect on fibrin fiber mechanical properties.
However, in these samples we found that fibrin fibers become stiffer as fibrin-
ogen concentration increases.
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Single-Molecule Force-Clamp Studies of Fibrin’S ‘A-A’ Knob-Hole
Interaction
Kellie N. Beicker, Michael R. Falvo, Oleg V. Gorkun.
University of North Carolina, Chapel Hill, NC, USA.
Fibrin networks, the structural mesh upon which blood clots form, must elasti-
cally withstand the shear forces of blood flow and provide mechanical stability
to the clot. The mechanics of these networks are determined by the physical
properties of individual fibrin monomers and the interactions between them.
A critical interaction in the polymerization of fibrin fibers is the ‘A-a’ knob-
hole interaction. In order to investigate the mechanical response and unfolding
dynamics of the protein when pulled from the knob-hole interaction, we con-
ducted single-molecule force-clamp experiments to apply constant force spe-
cifically to the ‘A-a’ knob-hole location. This represents the first application
of the force-clamp technique to single-molecule fibrin studies. Force-clamp
provides an accurate measure of the kinetics of unfolding the g module of fi-
brin. This technique also revealed new extension patterns of multiple ~3nm ex-
tensions in fibrin at low (100pN and less) forces compared to a single extension
of ~6nm at higher forces. Free energy measurements extracted from force-
clamp experiments, DG = 21-30 kBT, agree with previous constant velocity fi-
brin unfolding studies by Averett et al. However, we discovered a non-
exponential dependence of probability of unfolding on time indicating
a more complex energy landscape than the simple two-state model. Additional
force-quench experiments have facilitated the study of the reversibility of fibrin
unfolding. The resultant information about the reversible nature of fibrin un-
folding may be helpful in creating a course-grained model for fibrin clot
behavior.
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Discrete Reversible Transitions in Titin at Low Forces
Zsolt Martonfalvi1, Pasquale Bianco1,2, Miklos S.Z. Kellermayer1.
1Department of Biophysics and Radiation Biology, Semmelweis University,
Budapest, Hungary, 2Laboratory of Physiology, DEB c/o Department of
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Titin is a giant filamentous protein which, due to its sarcomeric arrangement,
molecular structure and elasticity, determines the passive mechanical proper-
ties of muscle. At low, physiologically relevant passive forces (<30 pN/mole-
cule) titin is thought to extend continuously at the expense of reducing the
configurational entropy of its tandem-Ig regions and PEVK domain. Structural
transitions, such as Ig-domain unfolding, are thought to begin only at forces
well exceeding the physiological regime, typically above 100 pN. To investi-
gate the detail in the mechanical behavior of titin in the low-force regime,
we manipulated individual native skeletal-muscle titin molecules by using
custom-built optical tweezers operating at high spatial and temporal resolution
in the constant-velocity or constant-force (force-clamp) mode.
Titin molecules, purified from rabbit longissimus dorsi, were captured with two
beads, one coated with the T12 sequence-specific antibody, and the other with
the photoreactive cross-linker sulfo-SANPAH. One of the beads was captured
in the optical trap, while the other with a micropipette, the position of which
was either moved with a constant rate or adjusted rapidly so as to maintain con-
stant force. At constant, physiologically relevant stretch rates (200-500 nm/s)
we observed discrete, step-like (~20-60 nm) structural changes at forces well
below 30 pN, prior to the onset of globular-domain unfolding. In force-
clamp stretch experiments these transitions decayed with a high-rate kineticcomponent. The low-force discrete transitions disappeared in the immediately
subsequent mechanical cycle but reappeared after a rest period, indicating that
they contribute to titin’s mechanical fatigue. This fatigue, previously attributed
to the PEVK domain, thus occurs by mechanically wearing out distinct struc-
tural elements, suggesting that long-range interactions stabilize this putative
random domain. The time- and force-scales suggest that the observed discrete
structural transitions may play an important role in sarcomeric stress
adaptation.
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Lei Zhang1, Huimin Tong1,2, Gang Ren1.
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Human cholesteryl ester mass can be transferred from atheroprotective high-
density lipoproteins (HDL) to atherogenic low-density lipoproteins (LDL) by
cholesteryl ester transfer protein (CETP), resulting higher probability of cardio-
vascular diseases. Finding out the mechanism of CETP in CE transferring
would be an important basis and key step toward the rational design of new
CETP inhibitors for treating cardiovascular diseases. Using electron micros-
copy, single-particle image processing and molecular dynamics simulation,
we discovered that CETP connects HDL and LDL or VLDL by penetrating
into HDL with its N-terminal domain and LDL or VLDL with its C-terminal
domain. By structural analyses, after special conformation change, the internal
pores of CETP can connect to a hydrophobic central cavity, thereby forming
a tunnel for transferring the cholesteryl ester from donor to acceptor lipopro-
teins. These new insights provide a key basis for revealing the mechanism of
CETP and designing new CETP inhibitor drugs.
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The senses of hearing and balance use hair cells in the inner ear to transform
mechanical stimuli into electrical signals. Mechanical force from sound waves
or head movements is conveyed directly to hair-cell transduction channels by
tip links, fine filaments formed by two atypical cadherins: protocadherin-15
and cadherin-23. These two proteins are required for mechanotransduction,
they are products of deafness genes, and they feature long extracellular do-
mains that are thought to interact tip-to-tip in a calcium-dependent manner.
However, the molecular architecture of the complex is unknown and recent
studies show that binding between them cannot be mediated by a classical cad-
herin interface. Moreover, the strength of this complex has not been character-
ized and the molecular mechanisms leading to cadherin-related deafness
remain unexplored.
Here we combine X-ray crystallography, microsecond-long molecular dynam-
ics simulations, and binding experiments to characterize the cadherin-23/
protocadherin-15 bond. We find a unique cadherin interaction mechanism,
with the two most N-terminal cadherin repeats (EC1þ2) of each protein inter-
acting to form an overlapped, antiparallel heterodimer. Simulations predict
that this tip-link bond is mechanically strong enough to resist forces in hair
cells. In addition, the complex becomes unstable upon calcium removal due
to increased flexure (entropic stress) of calcium-free cadherin repeats. Finally,
we use structures and biochemical measurements to understand molecular
mechanisms by which deafness mutations disrupt tip-link function. Overall,
our results shed light on the molecular mechanics of hair-cell sensory trans-
duction and on new interaction mechanisms for cadherins, a large protein fam-
ily implicated in tissue and organ morphogenesis, neural connectivity, and
cancer.
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There is tremendous interest in understanding the nanomechanical properties of
proteins and how secondary structure influences these properties. Recent
